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We compare two methods of isolating bone collagen for stable carbon and nitrogen isotope analysis. The
older method (as practised at the University of Cape Town) demineralizes bone ‘chunks’, while the newer
method (as practised at the Max Planck Institute for Evolutionary Anthropology in Leipzig) involves
demineralization, gelatinization and ultra-ﬁltration to select only higher molecular weight protein
fragments for isotopic analysis. The latter method was developed for problematic (i.e. poorly-preserved)
samples and while it is more rigorous, it is also signiﬁcantly more expensive and more labor-intensive.
Our aim is to ﬁnd out whether there is any difference between the d13C and d15N of bone collagen
isolated from relatively well-preserved bones using the two methods. Our sample set consists of 5
modern and 47 archaeological animal and human bones from the southern and western parts of South
Africa. Archaeological specimens range in age from a few hundred to approximately six thousand years
old. Collagenwas extracted, its quality assessed using %C, %N and C:N, and d13C and d15N values measured
independently in both laboratories. There are no statistically signiﬁcant differences between the sets of
d13C and d15N values from the two laboratories. For relatively well-preserved bones, the ‘chunk’ method
of collagen preparation continues to be an acceptable alternative to more sophisticated collagen
extraction protocols for C and N isotope analysis.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
As the ﬁeld of stable light isotope analysis has grown over recent
decades, so too has the range of laboratory protocols used to
remove contaminants from sample materials and to isolate com-
ponents of complex materials for analysis (see references below).
For some materials, choice of preparation procedure can have a
signiﬁcant effect on the isotopic results, as demonstrated for bone
carbonate by Garvie-Lok et al. (2004). As a result, most researchers
have now moved away from measuring d13C and d18O in bone
carbonate in favor of tooth enamel, for which these problems are
less acute. The most widely analyzed component of bone is
collagen, the major structural protein that makes up approximately
20e25% by weight of fresh bone. Methods for isolating boneLtd. This is an open access article ucollagen from archaeological remains were ﬁrst developed for
radiocarbon dating and later adopted for stable isotope analysis.
The earliest and simplest method of isolating bone collagen
involved dissolving away bone mineral (a highly substituted cal-
cium phosphate apatite) to leave the collagen. In order to achieve
this, bone fragments or chunks of whole bone were treated with
dilute mineral acid, usually HCl (Berger et al., 1964; Sellstedt et al.,
1966). In some protocols, this demineralization step was followed
by treatment with dilute NaOH, or a similar reagent, to remove
humic acids that may contaminate bone while it is buried in the
ground (Ambrose, 1990; Chisholm et al., 1983). In well-preserved
bones, demineralization of bone fragments or ‘chunks’ yields a
collagen ‘pseudomorph’, i.e. a piece of collagen of the same size and
shape as the original bone, but translucent and ﬂexible due to the
loss of the mineral phase. The presence of a pseudomorph is likely a
guarantee of structural integrity: the collagen chains are still
bonded together to form the scaffolding that afforded the bone
strength and ﬂexibility during life. In poorly preserved bones,nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
J. Sealy et al. / Journal of Archaeological Science 47 (2014) 64e69 65demineralization does not yield a pseudomorph. The bone may
completely dissolve in the acid, or it may yield amorphous globules
or wisps of gelatinous material that ﬂoat in the reaction vessel. In
these cases, the bone has undergone signiﬁcant diagenesis. The
collagen molecules are degraded and isotopic measurements often
produce unreliable results.
In some cases, demineralization of whole bone fragments is not
possible, or is problematic. Bones that are heavily infested with
rootlets, for example, may not be suitable for the process described
above e at least, not without additional steps. If conservation of
archaeological remains is an especially high priority, sizeable
fragments of bone may not be available for destructive analysis.
Indeed, as sample size requirements decrease with ongoing im-
provements in instrumentation, very tiny bone fragments may
sufﬁce, and the progress of these through the process described
above may be hard to evaluate, i.e. it is often difﬁcult to tell when
they are soft and translucent. Researchers have, therefore, devel-
oped collagen extraction protocols for bone powders and small
pieces (Ambrose, 1990; Richards and Hedges, 1999) and/or added
additional steps such as ‘gelatinization’ (denaturing collagen in
warm dilute acid) (Longin, 1971), sometimes followed by ﬁltration
and ultra-ﬁltration (Brown et al., 1988). This more rigorous
approach is employed in some radiocarbon laboratories (Brock
et al., 2010; Bronk Ramsey et al., 2004) as well as in the stable
isotope laboratory at the Max Planck Institute for Evolutionary
Anthropology in Leipzig (Germany). It is described in detail below.
Asmore advancedmethods of preparing collagen come intomore
widespread use, it is important to assess whether the older, simpler
methods should be discontinued e and as a corollary, whether
published isotopic measurements of collagen prepared using these
older methods require re-consideration. There have been previous
comparisons of collagen extraction methods, to investigate whether
the methods affect the isotope ratios. Jørkov et al. (2007) compared
three slightly varying collagen extractionprotocolswith andwithout
the use of NaOH, andwith varying degrees of ﬁltration. Pestle (2010)
investigated the effects of different acid concentrations and duration
of demineralization on crushed bone. Tuross (2012) compared the
effects of demineralization using HCl and EDTA (ethylene diamine
tetra-acetic acid) on both stable isotope and radiocarbon measure-
ments. These comparisons are all based on protocols that include
gelatinization. To date, there has been no comparison of the oldest
and simplest approach to collagen extraction, the isolation of
collagen ‘chunks’ without gelatinization, and the state-of-the-art
method involving demineralization, gelatinization and ultraﬁltra-
tion. This paper reports such a comparison. Our study is based on 52
bone samples from which collagen was isolated and d13C and d15N
values measured separately in two laboratories. The simpler ‘chunk’
method is employed in the stable isotope laboratory in the Depart-
ment of Archaeology at the University of Cape Town, and the more
complex method (described in detail below) is employed at theMax
Planck Institute for Evolutionary Anthropology.
2. Materials
The 52 bone samples are listed in Table 1. Five (the ﬁrst ﬁve in the
table) are bones from modern animals collected in the 1980s and
early1990s inareasofnaturalvegetation in thesouth-western region
of South Africa. Seventeen samples are archaeological animal bones.
The three buffalo come from the site of Nelson Bay Cave (Inskeep,
1987) and date between ca. 2000e6000 BP (see Sealy, 1996 for de-
tails of provenance). The remaining 14 animals all come from the
nearby site of Hoffman’s/Robberg Cave, approximately 400 m from
Nelson Bay Cave. These specimens were recovered during excava-
tions carried out in 2007e2008 and directed by the ﬁrst author. They
derive from a disturbed context but are likely to date toapproximately 3000e4000 BP. The remaining 30 bone samples
(identiﬁed by collection accession numbers) are from human skele-
tons.All havebeen radiocarbondated,withdates ranging fromca700
to ca 5000 BP. Details of localities, dates, archaeological associations,
etc. are given in previous publications (Sealy and van der Merwe,
1986, 1988; Sealy and Pfeiffer, 2000; Sealy et al., 2000; Sealy, 2006).
3. Methods
3.1. Collagen extraction and stable carbon and nitrogen isotope
analysis at UCT
Collagen was extracted from some of the animals and all of the
humans in Table 1 and d13C and d15N measured at the University of
Cape Town in the course of a range of studies over the past 30 years
(Sealyand vanderMerwe,1986,1988; Sealy andPfeiffer, 2000; Sealy
et al., 2000; Sealy, 2006). The collagen extraction procedure has
remained essentially the same over this period, although improve-
ments in mass spectrometers mean that it is now possible to work
with much smaller samples. For specimens analyzed for the ﬁrst
time as part of this study (mainly the archaeological animal bones
from Hoffman’s/Robberg Cave), a small chunk of bone (less than
0.5 g) was cut and surface-cleaned with sandpaper to remove su-
perﬁcial contamination. Efforts weremade to select well-preserved
bone for analysis e material that appeared crumbly or chalky was
avoided, as was burned bone. The surface-cleaned chunks were
weighed, then placed in glass vials in approximately 0.2 M HCl at
room temperature. The exact concentration of the acid is not
important. Pestle (2010) has shown that variations in acid concen-
tration from0.05 to 0.2M have no effect on the isotope values of the
extracted collagen, and the Max Planck protocol described below
uses 1Macid.More dilute acid does, however, leads tomore gradual
demineralization, which is preferable for very small or less well-
preserved samples. The acid was changed every other day until
the bone chunks yielded ‘pseudomorphs’, i.e. they were completely
decalciﬁed, and appeared translucent and ﬂexible. This typically
took from a few days to about ten days, depending on the size of the
chunk and the density of the bone. Visible rootlets or other macro-
scopic contaminants were picked out of the soft collagen using ﬁne
tweezers. Samples were rinsed three times in distilled water, then
treated for 24h in 0.1MNaOH to remove base-soluble contaminants
such as humic acids and some lipids. Next, samples were soaked in
distilled water (changed regularly) for approximately a week until
the pH of the water remained neutral. The ﬁnal step was to freeze-
dry them. Collagen yields are calculated as the weight of the
collagen as a percentage of the weight of the original bone sample.
A few samples required a slightly modiﬁed version of the pro-
tocol described above. Small pieces cut from three archaeological
ﬁsh bones (UCT 13161, 13162 and 13163) were treated as above, but
dissolved completely. Fish bone is relatively fragile and its
composition is slightly different frommammal or bird bone (Szpak,
2011). A second small chunk was cut from each and decalciﬁed
using more dilute HCl, followed by treatment with 0.1 M NaOH for
8 h. Even with this gentler extraction procedure the collagen yields
were low (3.5e8.2% e see Table 1).
Approximately 0.65 mg of collagen was weighed into tin cap-
sules, then combusted to N2 and CO2 in an automated carbon and
nitrogen analyzer (Carlo Erba) coupled to a continuous-ﬂow
isotope ratio mass spectrometer (Finnigan-MAT 252). Samples
were analyzed in duplicate, and the two results averaged. The
precision (1s) of repeated measurements of homogenous materials
(in-house laboratory standards) was less than 0.1& for both d13C
and d15N. Values of in-house standards have been determined by
measurement relative to international standard materials NBS 21,
IAEA N1 and N2, and standards exchanged with other laboratories.
Table 1
Comparison of d13C and d15N values measured on collagen extracted at UCT and MPI-EVA, together with collagen quality indicators. The ﬁrst ﬁve specimens listed are modern,
the rest are archaeological. Sample ID/museum codes are as follows: A: Department of Anatomy, University of theWitwatersrand, NMB: NationalMuseum, Bloemfontein, SAM-
AP: Iziko Museums of South Africa (formerly the South African Museum), UCT: Department of Human Biology at the University of Cape Town. Of the animal bones, only UCT
5003, 5014 and 5017 are curated in amuseum (IzikoMuseums of Cape Town). They do not have individual accession numbers. C:N are atomic ratios. In the last column, a single
asterisk indicates that we have only single determinations of both d13C and d15N from MPI-EVA (i.e. the sample was not run in duplicate). Double asterisks indicate we have
duplicate measurements for d13C but single measurements for d15N. Rows with gray backgrounds indicate samples for which, at MPI-EVA, the <30 kDa (but >10 kDa) fraction
had to be added to the >30 kDa fraction to obtain sufﬁcient material for analysis.
UCT lab# MPI-EVA
lab#
Sample ID/museum accession# UCT collagen MPI collagen UCT MPI
d13C d15N d13C d15N Inter-lab difference UCT MPI UCT MPI UCT MPI Collagen yield
(&) (&) (&) (&) d13C d15N wt %C wt %C wt %N wt %N C:N C:N wt % wt %
719 9874 Hystrix africaeaustralis (porcupine) 20.6 14.0 19.5 12.8 1.10 1.20 42.7 48.0 15.5 17.6 3.2 3.2 8.8 *
723 9873 Procavia capensis (rock hyrax) 20.1 15.9 19.2 16.6 0.90 0.70 44.0 46.2 15.5 16.6 3.4 3.2 27.8 7.8
880 9868 Bathyergus suillus (dune mole rat) 20.3 14.4 20.2 14.3 0.10 0.10 43.4 48.3 16.1 17.1 3.1 3.3 4.1 *
1670 9870 Potamochoerus larvatus (bushpig) 20.3 7.9 20.4 8.0 0.10 0.10 43.5 45.5 15.8 16.1 3.2 3.2 25.5 6.2 **
2080 9872 Raphicerus melanotis (grysbok) 21.6 4.7 22.2 5.2 0.60 0.50 42.9 48.4 16.3 17.0 3.1 3.3 4.6 *
5003 9848 Syncerus caffer (buffalo) 12.5 3.9 12.0 4.7 0.50 0.80 42.4 46.5 15.7 17.0 3.2 3.2 3.1 *
5014 9847 Syncerus caffer (buffalo) 10.9 5.3 11.8 5.4 0.90 0.10 42.9 44.2 15.9 15.9 3.1 3.2 4.0 *
5017 9849 Syncerus caffer (buffalo) 12.5 3.9 12.4 4.6 0.10 0.70 42.9 44.7 16.0 16.0 3.1 3.2 3.5
13157 9854 Arctocephalus pusillus (Cape fur seal) 11.5 14.7 11.2 15.2 0.30 0.50 41.8 44.3 15.2 16.6 3.2 3.1 20.9 3.9 *
13158 9855 Arctocephalus pusillus (Cape fur seal) 12.7 15.3 13.8 13.6 1.10 1.70 42.4 45.2 15.4 16.7 3.2 3.2 19.5 5.1 *
13159 9856 Raphicerus campestris (steenbok) 19.2 5.4 19.5 5.9 0.30 0.50 42.9 44.4 15.4 16.3 3.2 3.2 13.3 4.3 **
13160 9857 Procavia capensis (rock hyrax) 20.3 6.3 20.6 6.7 0.30 0.40 42.0 44.8 15.2 16.3 3.2 3.2 12.2 2.2
13161 9858 Diplodus sargus capensis (white seabream) 10.5 13.7 10.9 13.8 0.40 0.10 40.7 41.9 14.8 15.2 3.2 3.2 4.0 0.8
13162 9859 Dichistius capensis (galjoen ﬁsh) 10.4 12.4 11.4 12.5 1.00 0.10 41.6 43.9 15.4 15.5 3.1 3.3 8.2 0.8
13163 9860 Cymatoceps nasutus/Chrysoblephus
cristiceps (seabream)
12.1 15.6 12.6 15.6 0.50 0.00 41.0 44.0 15.2 16.0 3.2 3.2 3.5 0.9 *
13164 9853 Pelomedusa subrufa (African helmeted
turtle)
22.7 3.2 23.2 3.2 0.50 0.00 41.7 45.0 15.1 16.3 3.2 3.2 18.9 4.8
13165 9861 Whale (species unknown) 20.8 5.7 20.6 6.2 0.20 0.50 42.0 44.7 15.3 16.4 3.2 3.2 20.0 4.2 **
13166 9862 Phalacrocorax capensis (Cape cormorant) 12.3 15.7 12.3 16.0 0.00 0.30 42.2 45.6 15.3 16.6 3.2 3.2 17.0 4.9 **
13167 9863 Morus capensis (Cape gannet) 12.2 16.0 11.8 15.8 0.40 0.20 43.4 45.9 15.5 16.6 3.3 3.3 19.1 4.1 **
13168 9864 Morus capensis (Cape gannet) 11.7 15.6 11.6 15.9 0.10 0.30 43.7 46.4 15.7 16.8 3.3 3.2 19.8 5.2 *
13169 9865 Pufﬁnus griseus (sooty shearwater) 13.9 16.5 13.8 16.6 0.10 0.10 42.0 46.2 15.3 16.6 3.2 3.3 22.1 5.9 **
13171 9867 Thalassarche cauta (shy albatross) 17.2 15.4 16.8 15.4 0.40 0.00 43.7 43.6 15.8 15.9 3.2 3.2 21.5 4.9
1053 9895 UCT 331 18.4 13.2 18.7 13.1 0.30 0.10 43.1 45.4 14.9 16.3 3.4 3.2 3.5
1209 9908 SAM-AP 6050 13.9 12.2 14.2 12.4 0.30 0.20 43.1 46.5 15.7 17.0 3.2 3.2 7.4 **
1211 9904 SAM-AP 6052 15.4 11.9 15.6 11.8 0.20 0.10 43.1 46.1 16.1 16.5 3.1 3.3 7.3 **
1679 9900 SAM-AP 5095 13.2 15.7 13.0 15.7 0.20 0.00 43.2 45.8 15.6 16.5 3.2 3.2 3.7 *
1682 9898 SAM-AP 5082 11.6 15.9 11.7 15.6 0.10 0.30 42.4 47.0 15.4 17.3 3.2 3.2 6.6 *
1683 9893 SAM-AP 5041 17.9 10.2 18.1 10.2 0.20 0.00 42.0 44.7 15.0 16.1 3.3 3.2 3.0
1684 9894 SAM-AP 5040 17.7 11.3 18.0 11.6 0.30 0.30 42.5 45.4 15.4 16.4 3.3 3.2 5.3 *
1691 9892 SAM-AP 4637 17.2 10.5 17.2 10.7 0.00 0.20 42.4 44.7 15.2 16.3 3.2 3.3 5.8 **
1730 9897 SAM-AP 5091 14.9 12.8 14.5 13.1 0.40 0.30 42.8 46.7 15.5 16.8 3.2 3.2 7.3 *
1898 9903 SAM-AP 6149 14.4 13.3 14.6 13.3 0.20 0.00 42.6 44.9 15.5 16.9 3.2 3.2 6.2 **
3137 9910 Individual#2 EB post ofﬁce trench 11.8 13.9 11.9 14.0 0.10 0.10 43.2 45.5 15.7 16.4 3.2 3.2 5.7
4443 9896 UCT 158 12.1 14.5 11.6 14.2 0.50 0.30 42.6 46.8 15.4 16.7 3.2 3.3 5.5 *
4446 9901 UCT 220 11.5 16.5 11.3 16.4 0.20 0.10 42.4 45.9 15.4 16.7 3.2 3.2 6.7
5195 9888 SAM-AP 4824 (B) 14.6 14.4 14.4 14.5 0.20 0.10 43.0 45.8 15.9 16.5 3.2 3.2 3.2
5213 9886 SAM-AP 1879 11.1 17.5 11.4 17.6 0.30 0.10 43.1 45.9 16.4 16.4 3.1 3.2 5.4 **
5218 9887 UCT 107 12.1 17.9 11.7 17.6 0.40 0.30 43.2 46.7 15.7 17.0 3.2 3.2 5.3 *
5223 9881 NMB 1273 15.4 11.6 15.0 12.3 0.40 0.70 43.6 44.9 16.2 16.3 3.1 3.2 4.8
5234 9883 NMB 1704 12.2 9.3 11.5 9.6 0.70 0.30 42.8 41.8 15.5 14.9 3.2 3.2 5.4 **
5429 9882 UCT 214 14.4 10.2 15.0 9.5 0.60 0.70 42.2 44.2 15.1 15.8 3.2 3.3 1.9
5602 9885 NMB not acc SS2 13.5 13.0 13.6 14.3 0.10 1.30 43.9 45.5 16.1 16.3 3.2 3.3 4.1 **
5605 9878 A 1186 17.0 8.3 16.4 8.3 0.60 0.00 43.4 45.2 16.1 16.4 3.2 3.2 3.7
5609 9884 A 1055 13.2 12.4 14.2 12.1 1.00 0.30 43.7 44.3 15.8 16.2 3.2 3.2 8.1
5611 9879 A 1184 VI 14.9 9.6 15.4 10.5 0.50 0.90 45.0 44.7 16.4 16.5 3.2 3.2 4.3 **
5612 9880 A 1184 VII 15.6 8.4 15.1 9.6 0.50 1.20 43.5 43.2 16.0 16.0 3.2 3.2 4.2 *
5666 9905 Eland Cave indiv 1 18.9 13.2 20.7 13.9 1.80 0.70 46.1 52.1 14.1 12.8 3.8 4.9 5.1 **
5668 9906 SAM-AP 6315 18.7 14.0 18.6 15.2 0.10 1.20 43.2 44.2 16.1 16.7 3.1 3.2 6.6 **
10851 9889 NMB 1707 14.9 10.6 15.0 10.8 0.10 0.20 43.0 45.4 15.8 16.7 3.2 3.2 21.3 5.4 *
12904 9891 Noetzie Burial 1 12.9 15.7 12.8 16.1 0.10 0.40 41.5 45.0 15.1 16.5 3.2 3.2 3.6
12905 9890 Noetzie Burial 2 14.5 11.9 14.3 11.9 0.20 0.00 41.6 44.5 15.0 16.6 3.2 3.2 5.1 **
457/1314 9907 SAM-AP 1449 17.3 14.4 17.6 14.4 0.30 0.00 42.5 45.5 15.4 16.3 3.2 3.3 14.0 5.1 **
J. Sealy et al. / Journal of Archaeological Science 47 (2014) 64e6966After each run, calibration curves are constructed by plotting the
measured values of in-house standards against the expected values
relative to Vienna Pee Dee Belemnite (VPDB) for carbon, and at-
mospheric nitrogen (AIR) for nitrogen. These calibrations are
applied to isotopic measurements obtained for the samples, in or-
der to express them relative to international standards. d13C is re-
ported relative to VPDB and d15N relative to AIR.3.2. Collagen extraction and stable carbon and nitrogen isotope
analysis at MPI-EVA
In the Stable Isotope Laboratory of the Max Planck Institute for
Evolutionary Anthropology, between 0.5 and 0.7 g of bone was
crushed, transferred into a 13 mL test tube and weighed. Approx-
imately 10 mL of puriﬁed 1.0 MHCl (p.a., Roth, Karlsruhe, Germany)
J. Sealy et al. / Journal of Archaeological Science 47 (2014) 64e69 67was added and the tubes left at room temperature for 48 h, covered
loosely with tin foil. Starting the process with relatively concen-
trated acid at room temperature promoted more rapid decalciﬁ-
cation, given that some bone fragments were relatively thick, dense
and well preserved. After two days the acid was carefully pipetted
off and replaced with refrigerated puriﬁed 0.5 M HCl, to reduce the
rate of the reaction. The tubes were again covered with tin foil to
prevent contamination and most were left at room temperature.
Small samples, or those nearing complete decalciﬁcation, were
placed in a refrigerator at 4 C. Every two days the cold 0.5 M HCl
was replaced until all samples were fully decalciﬁed. This process
took between 6 and 20 days, depending on the size and preserva-
tion of the bone fragments. Decalciﬁcation was determined by the
ﬂexibility and translucence of the sample and lack of effervescence.
Once demineralized, samples were rinsed three times with
deionized water. The test tubes were then ﬁlled to the top
(approximately 13 mL) with deionized water, three drops of 0.5 M
HCl added to each tube to achieve a pH of 3, and the tubes were
sealed. The samples were placed in a Rotilabo Block Heater H250
(Roth, Karlsruhe, Germany) at a temperature of 70 C and covered
with tin foil. Samples were left to gelatinize in the heater block for
48 h, and were then ready for ultra-ﬁltration.
The samples were ﬁrst ﬁltered through Ezee ﬁlters (Elkay Labo-
ratories Ltd., pore size approximately 80microns (Brock et al., 2013))
to remove any insoluble residues. They were then transferred to
Amicon Ultra-4 Millipore 30 kDa ﬁlter centrifuge tubes. These had
previously been cleaned (to remove possible carbon contamination
during manufacture) by ﬁlling with 0.5 M NaOH and then centri-
fuging (on a Thermo Scientiﬁc Megafuge 1.0) for 15 min. The NaOH
was discarded and the tubes rinsed twice by ﬁlling with deionized
water and centrifuging for 15 min each time. The ‘cleaned’ tubes
were then ﬁlled with the gelatinized collagen and centrifuged at
2500 rpm for varying lengths of time, depending on the quality of
the sample (well preserved collagen requires longer centrifugation
times). After each centrifugation the <30 kDa fractions were
removed and retained for isotopic measurement if required (i.e. if
any of the samples failed to yield enough of the >30 kDa fraction).
Eventually only the >30 kDa chains remained, along with any
remaining insoluble residue. Care was taken to pipette out only the
gelatinized collagen, which was placed in a clean test tube. Tubes
containing the >30 kDa fractions were covered with paraﬁlm and
frozen at28 C overnight, then freeze dried for 48 h. Upon removal
from the freeze drier the samples were immediately weighed,
transferred to a 1.5 mL micro-tube and collagen yields calculated.
If the <30 kDa fractions were required for analysis, they were
ultra-ﬁltered using Amicon Ultra-4 Millipore 10 kDa ﬁlters to
separate the <10 kDa fraction from the 10e30 kDa fraction. This
latter was then added to the >30 kDa fraction for analysis.
0.5 mg of collagen was weighed into a 6  4 mm tin capsule. All
samples were weighed out in duplicate, and duplicates measured
on different days. Capsules were combusted in a Flash EA 2112
coupled to a Delta XP (Thermo-Finnigan) gas source mass spec-
trometer. The standard gases for carbon and nitrogen isotope
analysis were calibrated using the certiﬁed inorganic standards
IAEA N1, N2, CH6 and CH7 and therefore no further corrections
were needed. The d13C values are expressed relative to VPDB and
the d15N values relative to AIR. Repeated measurements of standard
materials (in-house methionine standard [average of seven daily
measurements] and NIST Liver 1577b) yielded standard deviations
of less than 0.1& for both d13C and d15N.
4. Results
Table 1 gives d13C and d15N values from both labs, together with
wt %C, wt %N, atomic C:N ratios and where available, collagenyields. It should be noted that bones are not entirely homogenous
materials, and minor differences are to be expected between the
sub-samples of each bone processed and measured in the two
laboratories. Although the intention was to carry out all analyses at
MPI-EVA in duplicate, there were unfortunately measurement
problems with the IRMS at this time, so for some samples we have
only single determinations. This information is included in Table 1.
For UCT 5017, 5195, 13160, 13162 and 13166 the lower molecular
weight protein fractions (between 10 and 30 kDa) had to be added
to the >30 kDa fractions to obtain sufﬁcient material for analysis.
Samples prepared at UCT have been processed over many years,
some as far back as the 1980s. At that time, collagen yields were not
routinely recorded. In addition, if bone ‘chunks’ are found to have
macroscopic contaminants that need to be removed from the soft,
demineralized collagen, this makes it difﬁcult if not impossible to
calculate collagen yields accurately. For those samples for which
collagen yields are available from both preparation procedures, it is
clear that the yields at MPI-EVA (range: 0.8e8.8%) are substantially
lower than those at UCT (range: 3.5e27.8%). This is to be expected,
since the MPI-EVA protocol selects high molecular weight frag-
ments of the collagen chains. Therefore, the yields obtained are not
necessarily very useful indicators of the preservational stage of the
collagen. DeNiro and Weiner (1988) proposed that collagen yields
below 2% signal potentially problematic samples, while Ambrose
(1990) suggested a ﬁgure of 3.5%. Van Klinken (1999), working
with the large database of the Oxford Radiocarbon Accelerator Unit,
suggested a cut-off of 1%, with samples between 0.5 and 1% mar-
ginal. All these studies were based on extraction of whole collagen,
not selection for fragments of particular molecular weight. Of the
specimens in Table 1, only the three ﬁsh bones prepared atMPI-EVA
yielded <1% collagen (0.8% in two cases and 0.9% in one). Given the
fragility of ﬁsh bone mentioned above, and the fact that the MPI-
EVA procedure selects for high molecular weight fragments, we
ﬁnd these yields acceptable. For quality evaluation of the extracted
material, the quality criteria (%C, %N and atomic C:N ratio) are more
important than the yields.
Comparison of the weight percentages of carbon in collagen
resulting from the twomethods shows that for the ‘chunk’ method,
%C ranges from 40.7 to 46.1, while for the MPI-EVA method, the
range is 41.8e52.1. In both sets, the highest value is for a prob-
lematic specimen from Eland Cave (see discussion below). If this
specimen is omitted, the ranges are 40.7e45.0 and 41.8e48.4
respectively. In general, %C is slightly higher in MPI-EVA collagen
(t ¼ 3.54, d.f. ¼ 51, p ¼ 0.05), probably because these samples were
not treated with NaOH. Ambrose (1990) found that collagen from
modern animals contained up to 47%C (lower values resulted from
partially degraded bone collected from hot environments in East
Africa). Van Klinken (1999) reported Western European bone
samples to contain 34.8  8.8% C. These values are low, probably
because this sample set included many older specimens that had
undergone some loss of organic material. We note that the ﬁve
modern bones in our sample set have carbon contents indistin-
guishable from (and scattered through the range of) archaeological
samples.
For collagen prepared using the ‘chunk’ method, weight %N
ranges from 14.1 to 16.4, while for the MPI-EVA method, the range
is 12.8e17.6. These values fall approximately within the range for
well-preserved collagen, estimated by Ambrose (1990) to be up to
17.3% and by Van Klinken (1999) to be 11e16%. There is no signif-
icant difference in %N in collagen from the two laboratories
(t ¼ 0.12, d.f. ¼ 51, p ¼ 0.05).
Atomic C:N ratios for collagen ‘chunks’ vary from 3.1 to 3.8,
while for preparations from MPI-EVA they range from 3.1 to 4.9. In
both cases, the highest value is for Individual 1 from Eland Cave
(there is no museum accession number because this skeleton has
Fig. 1. Distribution of inter-laboratory differences for each sample in d13C (white bars) and d15N (black bars) in 0.5& ‘bins’.
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sample: 46.1 and 52.1% respectively, the highest percentages of
carbon in the entire sample set. This skeleton was buried in a very
organic-rich environment (Sealy et al., 2000). The bone was dark in
color, as a result of humic contamination. More of this humic
contamination was removed during the ‘chunk’ preparation pro-
cedure, which includes treatment with NaOH, than during the MPI-
EVA procedure, which does not. As a result, the %C and C:N are
lower in the ‘chunk’ (46.1 and 3.8) than in the MPI-EVA preparation
(52.1 and 4.9). Nevertheless, both C:N ratios are above the accept-
able range and the d13C values for this sample are likely to be
somewhat inaccurate. Humic acids contain very little nitrogen
(Steelink, 1963; Haworth, 1971), so the d15N values will not be
affected in the sameway. If this specimen is disregarded, the ranges
of C:N ratios are 3.1e3.4 (chunk) and 3.1 to 3.3 (MPI-EVA). These fall
within the range for well-preserved collagen, accepted by most
researchers to be 2.9 to 3.6 (Ambrose, 1990; DeNiro, 1985; DeNiro
andWeiner, 1988) although Van Klinken (1999) proposed 3.1 to 3.5.
d13C values measured at the two laboratories (on collagen pre-
pared in that lab) are very similar. The range of d13C values for
‘chunks’ is22.7 to10.4&, for gelatinized collagen fromMPI-EVA
it is 23.2 to 10.9&. For individual samples, differences between
the two labs range from þ1.1 to 1.8&. The distribution of differ-
ences is shown in Fig. 1. In 49/52 cases (94%) values for the same
bone measured in the two labs are within 1& of each other. This is
good agreement, considering that bone is not homogeneous and
taking into account the error of the measurements. In the UCT
laboratory, we ﬁnd differences of this magnitude between different
sub-samples of the same bone. A t-test for paired samples shows no
signiﬁcant difference between the two sets of results (t ¼ 0.01,
d.f. ¼ 51, p ¼ 0.05).
Comparison of d15N values yields very similar results. The range
of d15N values for ‘chunks’ is 3.2 to 17.9&, for collagen from MPI-
EVA it is 3.2 to 17.6&. For individual samples, differencesTable 2
Descriptive statistics for d13C and d15N values, weight percentages of C and N and differe
d13CUCT d13CMPI D13C %CUCT %CMPI d15NU
Min 22.7 23.2 1.8 40.7 41.8 3.2
Max 10.4 10.9 1.1 46.1 52.1 17.9
Average 15.3 15.3 0.0 42.8 45.4 12.1
Median 14.5 14.5 0.0 42.9 45.4 13.2
SD 3.5 3.4 0.6 0.9 1.6 3.9between the two results range fromþ1.3 to1.7&. The distribution
of differences is shown in Fig. 1. In 46/52 cases (88%) values for the
same bone measured in the two labs are within 1& of each other. A
t-test for paired samples shows no signiﬁcant difference between
the two sets of results (t ¼ 1.98, d.f. ¼ 51, p ¼ 0.05).5. Discussion and conclusion
For the samples in this study, the ‘chunk’ method of collagen
preparation and the method involving gelatinization and ultra-
ﬁltration used at MPI-EVA both yielded collagen of acceptable
quality (apart from one bone sample from Eland Cave, which had
exceptionally high levels of contamination with humic acids).
Table 2 provides summary statistics for the measured d13C and d15N
values and the collagen quality criteria of samples prepared in the
two labs. It is clear that the results obtained are not signiﬁcantly
different.
It should be noted that the bone specimens in this study were
relatively well preserved. Previous studies comparing different
collagen extraction protocols on well preserved bone have reached
similar conclusions. Jørkov et al. (2007) found that the use of NaOH
raised d13C values by 0.3& (on average), while ultraﬁltration made
no measurable difference to the isotope ratios. They suggested that
NaOH removed humic contaminants more effectively than ultra-
ﬁltration. Pestle (2010) found that varying the concentration of HCl
used to demineralize bone between 0.05 M and 0.2 M did not affect
the measured isotope ratios, nor did varying the length of acid
treatment between 24 and 120 h Tuross (2012) found that
demineralization using HCl or EDTA did not affect the stable isotope
ratios of bones, except in the case of one less well preserved sample
for which d15N differed by 0.7&. Researchers carrying out palae-
odietary studies based on d13C and d15N normally treat differences
of less than 1&, as found in these comparisons, as noise. Indeed,
DeNiro and Schoeninger (1983) reported variations of up to 1.0& innces between the UCT and MPI labs.
CT d
15NMPI D15N %NUCT %NMPI C:NUCT C:NMPI
3.2 1.7 14.1 12.8 3.1 3.1
17.6 1.3 16.4 17.6 3.8 4.9
12.3 0.2 15.6 16.4 3.2 3.3
13.1 0.1 15.5 16.5 3.2 3.2
3.8 0.6 0.4 0.7 0.1 0.2
J. Sealy et al. / Journal of Archaeological Science 47 (2014) 64e69 69d13C and 1.4& in d15N in bone collagen of different animals raised
on the same diet, presumably resulting from inter-individual dif-
ferences in metabolism.
For well-preserved archaeological bones such as those in this
study, the ‘chunk’ method of collagen preparation continues to be
an acceptable alternative to more stringent protocols such as that
used at MPI-EVA. d13C and d15N values in the literature measured
on collagen prepared in this way can be compared directly with
newer data, as long as the collagen meets quality criteria as dis-
cussed above.
More stringent protocols such as that used at MPI-EVA were, of
course, not developed for relatively well-preserved materials, but
for more problematic specimens such as those with poor collagen
preservation. These include very old remains such as Neanderthals;
collagen has successfully been isolated from a number of Nean-
derthals using the MPI-EVA protocol (Richards and Schmitz, 2008;
Richards et al., 2008). This would not have been possible using the
‘chunk’ or other simpler methods. More stringent protocols are also
important for analysis of sulfur isotope ratios (Nehlich and
Richards, 2009). Sulfur is much less abundant in collagen than
carbon or nitrogen, and therefore more vulnerable to
contamination.
In conclusion, we emphasize the importance of choosing
appropriate collagen preparation procedures depending on the
nature of the materials to be analyzed, and the research questions
to be answered. State-of-the-art methods are not necessary in all
cases e analysis of d13C and d15N in relatively well-preserved bone
can be accomplished satisfactorily using older and less cost-
intensive methods of collagen isolation such as the ‘chunk’
method described above. Newer protocols may have shortcomings,
e.g. the lack of a sodium hydroxide step in the MPI-EVA procedure
renders it less suitable for samples heavily contaminated with
humics. Evaluation of whether measured isotope ratios are likely to
be reliable should focus on collagen quality criteria (%C, %N and
atomic C:N ratio) rather than extraction method, because these
criteria describe the state of preservation of the material to be
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